Electroencephalography (EEG) experiments often require several computers to ensure accurate stimulus presentation and data collection. However, this requirement can make it more difficult to perform such experiments in mobile settings within, or outside, the laboratory
Introduction
Electroencephalography (EEG) is commonly used to measure brain activity during laboratory experiments. However, due to the sensitive nature of EEG, these experiments are carried out in highly isolated and controlled environments. The experiments often take place in a Faraday cage, isolating the participant from sound and electrical noise, and the participants are required to move as little as possible to limit noise and contamination in the EEG data. These restrictions limit the applicability of EEG results to settings outside the laboratory. In order to identify ways to make EEG experimentation more accessible and portable, the current study investigates alternative methods of EEG data recording using a Latte Panda computer. The Latte Panda is a small device which runs Windows 10, contains a 1.8 GHz Intel Quad Core Processor and has 4 GB of RAM. It is roughly 88 by 70 mm and costs approximately $150.
Previous research by Kuziek, Shienh and Mathewson (2017) has demonstrated other methods to increase the portability of EEG experiments. The authors were able to show that a Raspberry Pi 2 computer, henceforth referred to as the Pi 2, can be used in place of a PC for presenting experimental stimuli and accurately marking stimulus onset in the recorded EEG data.
The Pi 2 is a small, portable and inexpensive computer, making it ideal for conducting mobile EEG experiments. In their 2017 paper, Kuziek et al. used the Pi 2 to present stimuli in an auditory oddball task, and to send triggers to mark the timing of tone onset on the EEG data. The Pi 2 effectively ran the experiment, and reliably elicited Mismatched Negativity (MMN) and
Positive 300 (P3) event-related potentials (ERP). Both ERPs were comparable to those elicited from a traditional desktop PC running the same task, despite larger variation in trigger-to-tone latency in the Pi 2 experiments. Both the MMN and P3 ERPs typically occur following the presentation of a target auditory tone. The MMN ERP is a difference in negative voltage that occurs roughly 200 ms following tone presentation while the P3 ERP is a positive deflection in voltage that occurs roughly 300 ms following tone presentation. Scanlon, Townsend, Cormier, Kuziek, & Mathewson (2017) tested the Pi 2 outside. They had participants ride a bike along a busy street while completing an auditory oddball task. All the equipment, including the Pi 2, amplifier and recording laptop, was placed in a backpack worn by the participant throughout the experiment. This paradigm elicited significant MMN and P3 responses comparable to those found indoors, suggesting the Pi 2 is a reliable way to conduct EEG experiments in a mobile, external environment. While the Pi 2 reliably presents stimuli and marks data in mobile experiments, it necessitates an EEG cap and expensive, cumbersome equipment such as an amplifier and laptop.
Recently developed portable EEG systems, such as the Emotiv EPOC, can also be used for data collection. Lissa, Sörensena, Badcock, Thie, and McArthur (2015) compared N170 ERP data collected during an oddball task from either the Emotiv EPOC or the Neuroscan system, a research grade amplifier. The two systems were recording simultaneously, and the data recording abilities of the EPOC and Neuroscan systems were not statistically different. Badcock et al. (2015) also compared the two systems, looking at the P1, N1, P2, N2 and P3 ERPs, elicited during an auditory oddball task. They found the EPOC was reliable in eliciting the P1, N1, P2, N2 and P3 ERPs. However, it was not reliable in eliciting an MMN response.
The purpose of the current study was twofold. We wished to expand on preliminary work our lab conducted which demonstrated the reliability of the Pi 2 in presenting auditory oddball stimuli for EEG experiments and marking stimulus onset in the recorded EEG data. Our goal was to demonstrate that the Latte Panda is capable of accurately recording EEG data, and ERPs derived from the recorded data will be statistically similar to those ERPs derived from EEG data recorded using a laptop PC. Our second goal was to then use the Latte Panda in a more mobile auditory oddball experiment where participants would perform the experimental task while either sitting or slowly peddling a stationary bike. All necessary equipment needed for stimulus presentation and data recording would be put inside a backpack which the participant would wear while completing the task. With a system comprising the Latte Panda and the Pi 2 in place of a desktop PC and laptop PC, EEG experimentation becomes much more affordable and portable. Increased portability will greatly improve the external validity of EEG experiments, and more affordable systems will increase the breadth of EEG studies that can be conducted.
Methods

Participants
Experiment One
A total of 14 members of the university community participated in experiment one. Data from one participant was removed due to recording issues, only the remaining 13 participants are included in further analyses (mean age = 21.46; age range = 18-31; 4 males). Each participant completed an identical auditory oddball task with EEG data being recorded by either a Latte Panda computer or a laptop PC computer. The order of the oddball tasks was counterbalanced.
Participants were all right-handed, and all had normal or corrected normal vision and no history of neurological problems. All participants gave informed consent, and were either given course credit for an introductory psychology course, or else given an honorarium of $10/hour for their time. The experimental procedures were approved by the internal Research Ethics Board of the University of Alberta.
Experiment Two
A total of 24 members of the university community participated in experiment two. Data from eight participants were excluded from further analysis due to too many trials being rejected as a result of excessive artefacts. While increased muscle and noise artifacts were expected for this experiment, some analyses required a minimum number of non-rejected trials. As such, only participant data which met this strict trial count was used. Only the remaining 16 participants are included in further analysis (mean age =21.06 age range =18-27; 4 males). Each participant completed an identical auditory oddball task while either sitting on a stationary bike or slowly peddling a stationary bike, with EEG data being recorded by the Latte Panda. Participants were all right-handed, and all had normal or corrected normal vision and no history of neurological problems. All participants gave informed consent, and were given course credit for their time, and the experimental procedures were approved by the internal Research Ethics Board of the University of Alberta.
Materials & Procedure
Experiment One
Participants completed two auditory oddball tasks. Sony in-ear headphones played one of two tones, either 1500 Hz target tones or 1000 Hz standard tones. Target tones were presented 20% of the time while standard tones were presented 80% of the time. Each tone was sampled at 44100 Hz, presented for a duration of 16 ms through two speakers, and contained a 2 ms linear ramp up and down. The volume of the sound output was kept constant for every participant.
Participants were asked to sit still and fixate on a 1° white cross in the center of a black background that stayed constant throughout the auditory task. Participants were instructed to move only their right hand to press the spacebar on a keyboard placed in front of them each time a target tone was presented. Following the presentation of a standard tone, participants were instructed to with-hold any response.
Participants were seated 57-cm away from a 1920 x 1080 pixel ViewPixx/EEG LED monitor running at 120 Hz with simulated-backlight rastering. Stimuli were presented using a Raspberry Pi 2 model B computer running version 3.18 of the Raspbian Wheezy operating system, and version 2.7.2 of the Python programming language. Video output was via the onboard VideoCore IV 3D graphics processor connected through HDMI, and audio output was via the onboard 900MHz quad-core ARM Cortex-A7 CPU connected through a 3.5mm audio cable. The TTL pulses were sent to the amplifier via a parallel port to serial port cable connected to the GPIO pins of the Raspberry Pi 2. Brainvision recorder was used to record and save the Each participant completed three blocks of 250 trials in each of the two conditions, for a total of 1500 trials. Each trial had a 1/5 likelihood of being a target trial. Each trial began with a pre-tone interval chosen randomly from a uniform distribution between 1000 and 1500 ms, followed by the tone onset. Figure 1A demonstrates the design of the experimental task and Figure 1B shows how equipment was connected. 
Experiment Two
In lieu of a ViewPixx/EEG LED monitor a paper fixation cross was centered to the participant's stationary line of sight. This was done since the monitor used in experiment one was positioned to the right side of the stationary bike. All other components needed for the EEG experiment were fitted in a backpack, with Figure 2 showing which equipment was used and how each piece was connected. Participants then engaged in two counterbalanced conditions while completing an auditory oddball task. The conditions were low-intensity stationary biking or sitting on the stationary bike without pedalling. A 12 inch frame Kona Dew bicycle was used.
Seat height was adjusted to a comfort level as indicated by the participant. The bicycle was equipped with a small mock-press button, fastened on the right handlebar. Pressed on high tones, this ensured that participants were paying attention. This button was functionally connected to the Pi 2 in order to initiate the next block, after a participant's self-determined break time in between blocks. Each participant completed three blocks of 250 trials in each of the two conditions, for a total of 1500 trials. Resistance on the bike was kept constant for all participants at a set level of 2 in both high and low gears in order to allow participants to pedal evenly and constantly throughout the trials at a sub-aerobic level. 
EEG Recording
Recording was done using Brain Products Active Wet electrodes (Brain Products actiCAP adjusted for signal quality). Impedance was not measured directly but inferred from data quality as per the suggested usage guidelines provided by the manufacturer (Brain Products, 2014). Electrodes were arranged on the actiCAP at Fp2, F3, Fz, F4, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, and Oz. A ground electrode was used and embedded in the cap at position AFz.
Electrolyte gel was applied to this ground electrode. EEG was recorded online and referenced to an electrode on the left ear lobe, and offline the data were re-referenced to the arithmetically derived average of the left and right ear lobe electrodes. Ag/AgCl pin electrodes were used, with SuperVisc electrolyte gel and mild abrasion with a blunted syringe tip used to lower impedances.
Gel was applied and impedances were lowered until data quality appeared good (inferred to be around 50 kΩ from past research; Kappenman & Luck, 2010; Laszlo, Ruiz-Blondet, Khalifian, Chu, & Jin, 2014; Mathewson, Harrison, & Kizuk, 2017) . Electrolyte gel was used to lower the impedance of the electrodes on the ears.
In addition to the 15 EEG sensors, 2 reference electrodes, and the ground electrode, the vertical and horizontal bipolar EOG was recorded from passive Ag/AgCl easycap disk electrodes affixed above and below the left eye, and 1 cm lateral from the outer canthus of each eye.
Electrolyte gel was used to lower the impedance of these EOG electrodes based on visual inspection of the data. These bipolar channels were recorded using the AUX ports of the V-amp amplifier, using a pair of BIP2AUX converters, and a separate ground electrode affixed to the central forehead.
EEG was recorded with a V-amp 16-channel amplifier (Brain Products). Data were digitized at 500 Hz with a resolution of 24 bits, and filtered with an online bandpass with cutoffs of 0.629 Hz and 30 Hz, along with a notch filter at 60 Hz. The experiment took place in a dimly lit sound and radio frequency attenuated chamber from Electro-Medical Instruments, with copper mesh covering the window. The only electrical devices in the chamber were an amplifier, speakers, keyboard, mouse, and monitor. The monitor ran on DC power from outside the chamber, the keyboard and mouse were plugged into USB outside the chamber, and the speakers and amplifier were both powered from outside the chamber. A wireless Logitech K330 keyboard was also in the chamber for use on the Raspberry Pi 2. The lights were turned off, and nothing was plugged into the internal power outlets. Any other devices transmitting or receiving radio waves (e.g., cell phones) were removed from the chamber for the duration of the experiment.
EEG Analysis
Analyses were computed in Matlab R2012b using EEGLAB (Delorme & Makeig, 2004) and custom scripts. The timing of the TTL pulse was marked in the recorded EEG data and used to construct 1000 ms epochs time locked to the onset of standard and target tones, with the average voltage in the first 200 ms baseline period subtracted from the data for each electrode and trial. To remove artifacts due to amplifier blocking and other non-physiological factors, any trials with a voltage difference from baseline larger than +/-500 µV on any channel (including eyes) were removed from further analysis. At this time, a regression based eye-movement correction procedure was used to estimate and remove the artefactual variance in the EEG due to blinks as well as horizontal and vertical eye movements (Gratton, Coles, & Donchin, 1983) .
After identifying blinks with a template based approach, this technique computes propagation factors as regression coefficients predicting the vertical and horizontal eye channel data from the signals at each electrode. The eye channel data is then subtracted from each channel, weighted by these propagation factors, removing any variance in the EEG predicted by eye movements. On average artifact rejection left roughly equal number of trials per participant; Experiment One: Latte Panda (Mtarg =149.62 trials; SDtarg =0.6504; Mstand =598.23; SDstand =3.3703; and PC (Mtarg =149.46; SDtarg =0.7763; Mstand =597.08; SDstand =5.7657; , Experiment Two:
Sitting (Mtarg =147.69; SDtarg =2.91; Mstand =589.63; SDstand =13.04; and Biking (Mtarg =145.50; SDtarg =5.94; Mstand =583.63; SDstand =21.60; , from which the remaining analyses are computed. No further filtering was done on the data.
Results
Experiment One: Laptop and Latte Panda Comparison
ERP Analysis
First we examined the trial-averaged ERPs. Figure 3A shows the grand average ERPs from electrode Pz and Fz following standard and target tones. A clear MMN response, a negative deflection occurring between 175-275 ms after onset of target tones that is similar for both conditions, and a P3 response, with more positive voltage between 300-550 ms following rare target tones compared to frequent standard tones, can be observed. We used these time windows for all further ERP analyses of the P3 and MMN. Figure 3B shows the ERPs for standard and target tones overlaid for both the Latte Panda and the laptop, at electrode locations Pz and Fz. Figure 4 shows the difference waves for the MMN and P3, computed by subtracting the ERPs for standard tones from target tones at electrodes Fz and Pz, respectively. For the MMN, a negative peak is observed around 250 ms while for the P3 a clear positive peak around 380 ms can be seen. Figure 4 also shows topographies showing the ERP effects in the indicated time windows, with similar distributions for both conditions. A one-tailed t-test was performed to show a significant MMN and P3 response was observed in each condition, with α set to 0.05 for this and subsequent analyses. At electrode Fz, a significant MMN response for the Latte Panda (MPanda = -2.0316 µV; t(12) = -3.7034 ; p = 0.0015) and laptop (MLaptop = -2.0917 µV; t(12) = -5.0035 ; p = 0.0015) conditions can be observed. A significant P3 effect at electrode Pz is also seen for the Latte Panda (MPanda = 5.7480 µV; t(12) = 4.4221 ; p < 0.001) and laptop (MLaptop = 4.8995 µV; t(12) = 3.333 ; p = 0.003).
Comparing the difference in our ERPs between conditions using a two-tailed t-test, the MMN (Mdiff = -0.0396 µV; SDdiff = 0.9895 µV; t(12) = -0.21657; p = 0.83218) and P3 windows (Mdiff = -0.8485 µV; SDdiff = 2.8060 µV; t(12) = -1.0903; p = 0.29699) show no significant difference in ERP amplitude between the Latte Panda and laptop. 
Single Trial Noise
We then estimated the amount of noise in the data on individual trials in two ways. First, we computed the average frequency spectra of the baseline period in each EEG epoch, as shown in Figure 5A . For each participant, we randomly selected 504 of their artifact free standard target trials from electrode Pz. For each trial, we computed a Fast Fourier Transform (FFT) by symmetrically padding the 600 time point epochs with zeros to make a 1024 point time series for each epoch, providing frequency bins with a resolution of 0.488 Hz. Because the data are collected with an online 30 Hz low-pass filter, we plot only frequencies up to 30-Hz. Each participant's 504 spectra are then averaged together to compute participant spectra, which were then combined to form grand average spectra plotted in Figure 5A , evident from the plot are similar spectra for the Latte Panda and laptop measurements. Both conditions showed the expected 1/f frequency structure in the data, as well as the typical peak in the alpha frequency range between 8 and 12 Hz (Mathewson et al., 2011) . To compute a second and related estimate of the noise on single trial EEG epochs, we randomly selected 360 standard tone epochs for each participant, and computed the root mean square (RMS) of the baseline period on each trial. We used the 100 ms baseline period (100 time points) prior to trigger onset to avoid the influence of any evoked ERP activity on the RMS measurement. The RMS is a measure of the average absolute difference of the voltage around the baseline, and is therefore a good estimate of single trial noise in the EEG data. For each trial, we average the RMS values for each EEG electrode, then averaged over trials for each participant, then computed the grand average RMS across participants (as in Laszlo et al., 2014) .
To estimate the distribution of RMS in our data for each condition, we employed a permutation test in which 360 different epochs were selected without replacement for each participant on each of 10,000 permutations (Laszlo et al., 2014) . For each of these random selections, and for each electrode condition, we computed and recorded the grand average single trial RMS. Figure 5B To quantify the level of noise in the participant average ERPs, we again employed a permutation test of the RMS values in the baseline period. In this ERP version, for each of the 10,000 permutations, we averaged the 360 standard trials that were randomly selected without replacement from the larger pool of that participant's artifact free trials in each condition. We then computed the RMS of the resultant 1900 time points of the ERP baseline. We averaged these RMS values over all EEG electrodes, and then computed a grand average across participants. Figure 5C shows a histogram of the grand average RMS values computed in each of the 10,000 permutations in each condition, along with a bar graph of the mean and standard deviation. The Latte Panda and laptop show similar RMS values, but analysis reveals a separation between the Latte Panda (MRMS = 0.3265; SDRMS = 0.0749) and laptop (MRMS = 0.3619; SDRMS EEG = 0.0939; Wilcoxon rank sum test; z = 116.5406; p = 0) RMS distributions.
ERP Power
To compare the ERP statistical power as a function of the number of trials used for both the P3 and MMN, we used another permutation procedure in which we varied the number of trials contributing to the ERP average while keeping the 4 to 1 ratio of standard to target trials . Trial numbers were varied from 4 standards and 1 target trial, by 20 standard trials, up to 540 standard and 135 target trials, separately for each of the two stimulus presentation conditions. For each number of trials, 10,000 permutations were randomly selected from the total pool without replacement.
For each permutation, the selected single trials were averaged to create participant ERPs separately for target and standard tones. The difference between target and standard tones was then computed at electrode Fz between 175-275 ms (MMN) and electrode Pz between 300-550 ms (P3), and these simulated participant average ERP differences were compared to a null distribution with a standard t-test (df = 13, one-tailed, α = .05). Figure 6 
Experiment Two: Latte Panda While Stationary Biking or Sitting
ERP Analysis
We employed similar data analysis methods for experiment two as we did with experiment one. First we examined the trial-averaged ERPs. Figure 7A shows the grand average ERPs from electrode Pz and Fz following standard and target tones. A clear MMN response between 175-275 ms can be observed in both conditions, along with a P3 response between 300-550 ms following the target tones. Figure 7B shows the ERPs for standard and target tones overlaid for both the sitting and biking conditions, at electrode locations Pz and Fz. Figure 8 shows the difference waves for the MMN and P3, with a negative peak observed around 250 ms for the MMN and a positive peak observed around 380 ms for the P3. Figure 8 also shows topographies showing the ERP effects in the indicated time windows, with similar distributions between the sitting and biking conditions. At electrode Fz, a significant MMN response for sitting (Msit = -2.0011 µV; t(15) = -6.3202 ; p < 0.001) and biking (Mbike = -2.5043 µV; t(15) = -4.4751 ; p < 0.001) conditions can be observed. A significant P3 response at electrode Pz is also observed for the sitting (Msit = 2.8820 µV; t(15) = 3.6029 ; p = 0.0013) and biking conditions (Mbike = 2.1657 µV; t(15) = 2.6178 ; p = 0.0097).
We again compared the difference in MMN and P3 activity between the sitting and biking conditions. This was again done using a two-tailed t-test. The MMN (Mdiff = 0.3979 µV; SDdiff = 1.9537 µV; t(15) =1.0671 ; p = 0.3028) and P3 windows (Mdiff = 0.7162 µV; SDdiff = 2.4589 µV; t(15) = 1.1652; p = 0.26215) show no significant difference in ERP amplitude between the sitting and biking conditions. 
Single Trial Noise
Both the sitting and biking conditions show the expected 1/f frequency distribution, as shown in Figure 9 . However, several differences are apparent between our conditions. The biking condition shows an increase in frequencies lower than 5Hz and greater than approximately 15-20Hz but also a decrease in activity in the alpha (8-12Hz) frequency range.
We again used the RMS distribution as a second measure of single trial noise. Figure 9 shows a histogram of the grand average single trial RMS values computed for each of the 10,000 permutations, along with a bar graph of the mean and standard deviation. The results suggest a separation between the sitting (MRMS = 7.0098; SDRMS = 1.6221) and biking (MRMS = 7.9832; SDRMS = 1.8114; Wilcoxon rank sum test; ; p = 0) RMS distributions.
We quantified the level of noise in the participant averaged ERPs using the same RMS permutation test for baseline noise activity. To quantify the level of noise in the participant average ERPs, we again employed a permutation test of the RMS values in the baseline period. Figure 9 shows a histogram of the grand average RMS values computed in each of the 10,000 permutations in each condition, along with a bar graph of the mean and standard deviation.
Results again show a separation between the sitting (MRMS = 0.4023; SDRMS = 0.1045) and biking (MRMS = 0.4500; SDRMS = 0.1301; Wilcoxon rank sum test; z = -120.0909; p = 0) RMS distributions. Figure 9 : A) For experiment two, spectra plot of power across a 1-30Hz frequency range. B) Histogram of baseline root mean square (RMS) values across 10 000 resampled trials. Bar graph shows mean RMS for the sitting and biking conditions. Represents the amount of noise present prior to the start of a trial. C) Histogram of ERP RMS values across 10 000 resampled trials. Bar graph shows mean ERP RMS for the sitting and biking conditions. These values help to indicate the amount of noise present during a trial. Significantly greater noise can be observed in the biking condition.
ERP Power
We again determined the statistical power of the MMN and P3 ERPs in relation to trial numbers using a permutation test, maintaining the 4 to 1 ratio of targets to standards. Trial numbers were varied from 4 standards and 1 target trial, by 20 standard trials, up to 540 standard and 135 target trials, separately for each of the two stimulus presentation conditions. For each number of trials, 10,000 permutations were randomly selected from the total pool without replacement. Participant ERPs were created from each permutation, both for the MMN and P3 time windows at electrodes Fz and Pz respectively. The simulated, averaged ERPs were then compared to a null distribution using a standard t-test (df = 15, one-tailed, α = .05). Figure 10 plots the proportion of the 10,000 permutations in which the t-statistic passed the significance threshold, as a function of the number of samples in each permutation. The P3 and MMN data from the sitting and biking conditions reached significance on 80% of permutations (80% power dashed line) although with a varying number of trials needed. On average, fewer trials are needed to reach 80% power for the sitting (MMN trials = 56, P3 trials = 72) condition compared to the biking condition (MMN trials = 80, P3 trials = 216), especially when measuring the P3 response. Figure 10 : Statistical power for the sitting and biking conditions in obtaining significant ERP responses which reflects the number of trials needed to measure significant MMN and P3 responses. The same 4:1 ratio for tone presentation was kept during resampling. The dashed line signifies 80% statistical power. Similar trial numbers are needed to obtain 80% statistical significance for both the sitting and biking conditions regarding the MMN only. Significantly more trials are needed to obtain a P3 response for the biking condition compared to sitting, and this difference may be because muscle and motion artefacts influence electrode Pz (and thus, the P3 response) more so than electrode Fz and the MMN response.
Discussion
The goal of the current experiment was to build upon previous literature to show that current technology exists that will allow for more portable and affordable EEG experimentation.
We were able to demonstrate that a Latte Panda, a relatively small and inexpensive Windows computer board, can record EEG data in a similar manner to a full-sized laptop PC. We were able to show that the ERPs derived from a typical auditory oddball task, administered using a Raspberry Pi 2 computer, are comparable when the EEG data is recorded using the Latte Panda or the laptop PC. To further demonstrate the ability of the Latte Panda to allow for more portable EEG experimentation, we completed a second auditory oddball task while participants were either seated on a stationary bike or slowly peddling the stationary bike. This was accomplished while all of the necessary stimulus presentation and EEG recording equipment was located inside of a backpack which was worn by the participants during the task. Using a Latte Panda and Raspberry Pi 2, we were able to measure comparable ERP components between the sitting and biking conditions despite an increase in both baseline and ERP RMS noise during the biking condition.
The Latte Panda provides several advantages compared to a laptop PC, regarding EEG experimentation and data collection. The device is significantly smaller and lighter compared to almost any laptop, measuring 88 by 70 mm and weighing around 100 grams. Any portable USB battery pack is also able to power the device so long as it provides a consistent 5V and 2A, although more power would be needed to power any attached devices such as an EEG amplifier.
The size, weight, and power requirements of the Latte Panda make it idea for portable applications as the device and any attached accessories can easy be placed inside a backpack without resulting in undue fatigue or discomfort for the participant. While we attached the Latte Panda to an external monitor to directly observe the recorded EEG data and electrode impedance, a small LCD screen is available for the device and would allow for complete portability. Given these advantages, a traditional laptop may be preferential depending on the needs of the researcher. A laptop generally provides much greater built-in data storage capacity, although external storage devices such as portable hard drives and SD cards may be used with the Latte Panda. Many laptops also provide much greater processing power compared to the Latte Panda, although this increased performance generally does come at a monetary and weight cost and may not be needed strictly for data recording.
Nearly identical ERP waveforms were derived from the data collected by the Latte Panda and a laptop. Both systems showed the expected ERP P3 and MMN waveforms along with similar topographies, with greatest activity focused on electrodes Pz and Fz respectively. However, we did observe differences in the amount of noise during both the baseline and within the ERP itself, as indicated by the differences in the RMS distributions for both systems.
Interestingly, the Latte Panda showed decreased baseline noise but increased ERP noise when compared to the laptop. It could be argued that since the Latte Panda board itself was completely exposed, and due to how compact the device and on-board components are, the Latte Panda may be more susceptible to electrical noise present in the environment than the laptop. However, if this were the case we would expect the Latte Panda to show increased noise during both the baseline and ERP waveform but this is not the case. The observed difference in baseline and ERP noise may be due to variability in the participants. Since each participant completed both auditory oddball tasks in a single session, although counter-balanced, it could be possible that during the second oddball task some participants became restless and produced more motion or muscle-related noise in the collected data. Despite the apparent difference in baseline and ERP noise between the Latte Panda and laptop, similar statistical power, frequency distributions, and ERP waveforms were observed between both systems. As such, it could be argued that any observed difference between RMS noise has minimal impact on the derived ERPs and their statistical power.
Differences became more apparent when we completed a similar task while participants either sat or slowly peddled a stationary bike. Overall, very similar P3 and MMN waveforms were observed both conditions despite the increased auditory and movement noise produced during the biking condition. Similar topography activity was also observed between our conditions. Such results are consistent with previous studies showing that ERPs can be derived from tasks involving increased movement or noise (De Vos, Gandras, & Debener, 2014; Gramann, Gwin, Bigdely-Shamlo, Ferris, & Makeig, 2010; Scanlon, Sieben, Holyk, & Mathewson, 2017) . However, while we did not observe significant differences in P3 and MMN activity there is an observable difference early in the ERP waveform at electrode Pz. For the difference waveforms, this difference is most prominent around 200-250 ms following tone onset and roughly corresponds to the P2 region of the ERP waveform (Crowley, 2004) . As seen in Figure 8B this P2 difference is observed for both standard and target tones at both electrodes Pz and Fz; compared to the sitting condition the P2 is smaller for standards and even becomes negative for targets in the biking condition. Since the P2 response has been shown to be related to auditory processing and the ability to distinguish between task relevant and irrelevant stimuli (Tremblay, Kraus, McGee, Ponton, & Otis, 2001; Shahin, Roberts, Pantev, Trainor, & Ross, 2005; Shahin, Roberts, Miller, McDonald, & Alain, 2007; Sheehan, McArthur, & Bishop, 2005) , the P2 difference observed in our data should not be surprising. The increased demands of the biking task, along with added auditory noise produced by the bike itself, likely diminished the ability of our participants to accurately identify and respond to the target tones. While we did not record response times for this task we would also expect to see slower responses following target tone onset when participants were biking compared to when they were sitting. This assumes the P2 reflects auditory discrimination and is thus able to influence subsequent behaviour.
Particularly at electrode Pz, we also observe a difference in the P3 region of our ERP waveforms following the onset of the target tone. While the P2 response is not necessarily sufficient to produce a P3 response (García-Larrea, Lukaszewicz, & Mauguiére, 1992) , the reduced P3 response following target tones during the biking condition is likely in part the result of the negative-going P2 deflection.
Both our sitting and biking conditions showed the expected 1/f frequency distribution although we can observe some differences between our conditions. The biking condition showed a reduction in the 8-12 Hz alpha frequency range along with an increase in frequencies below approximately 5 Hz and 15 Hz. Since the alpha frequency range has been associated with external visual attention (Adrian & Mathews, 1934; Busch, Dubois, & VanRullen, 2009; Ergenoglu et al., 2004; Lindsley, 1952; Mathewson, Gratton, Fabiani, Beck, & Ro, 2009 ) a decrease in alpha activity while biking is likely due to participants having to focus on the speed they are peddling while also maintaining fixation to the central fixation cross. Increased activity in other frequency ranges may be due to increased muscle movements during the biking condition, and vibrations caused by peddling the bike itself.
We also observed drastic differences in the baseline and ERP RMS noise levels between the sitting and biking conditions. As expected the biking condition produced higher noise values compared to the sitting condition, likely due to the increased muscle movement and auditory noise produced from peddling the bike. The increased noise produced by biking also influenced the statistical power of the two conditions, resulting in a greater number of trials needed to obtain a significant P3 and MMN response compared to sitting. Many more trials were needed for the biking condition to measure a significant P3 response with 80% power. What is interesting, however, is that while more trials are needed to measure an MMN response with 80% statistical power when biking, this increased numbers of trials is not nearly as drastic when compared to the P3 response difference. Since more muscle and auditory noise is produced during biking it would be expected that the statistical power of the P3 and MMN would be influenced in a similar manner. Since this was not the case with our experiment, it is possible that each electrode site was influenced by the additional noise in different ways.
Future Directions
Since the Latte Panda has proven to be a reliable EEG data collection device, portable and affordable EEG experiments are possible. Combined with a Raspberry Pi computer we can now begin to move EEG experiments outside the laboratory. Rather than having participants complete an auditory oddball task on a stationary bike, we have begun a similar experiment where participants complete the oddball experiment while actively biking in locations outside the laboratory. While moving EEG experiments beyond the highly controlled settings of the laboratory will introduce sources of artefacts and data noise, our results and the results obtained by others (De Vos, Gandras, & Debener, 2014; Gramann, Gwin, Bigdely-Shamlo, Ferris, & Makeig, 2010; Scanlon, Sieben, Holyk, & Mathewson, 2017) have shown that EEG data can provide useful information despite being collected in the presence of increased muscle and electrical noise.
These portable devices will also allow for more mobile experiments within the laboratory. Immersive virtual reality experiences would allow researchers to bring the outside environments to the controlled environment of the laboratory. However, certain research equipment is likely needed to allow participants to fully interact with the virtual environments rather than simply observing and being passively engaged. The Latte Panda and Raspberry Pi would likely be able to solve the issue of mobility and allow participants to be completely immersed in a variety of environments while EEG data is collected inside the laboratory. As with conducting experiments outside the laboratory, mobile virtual reality experiments also introduce new sources of data corruption so steps need to be taken in order to minimise the increased noise.
Active electrodes would help with this issue since EEG data is first amplified directly at the source, minimising the impact of environmental noise.
Conclusion
We were able to show the effectiveness of using a Latte Panda as an inexpensive and more portable alternative to a laptop PC when collecting EEG data. Similar ERPs were derived from the EEG data collected by both a laptop PC and Latte Panda. We were also able to successfully use the Latte Panda, along with other equipment needed for an EEG auditory oddball task, in a more portable application where participants would either sit or slowly peddle a stationary bike. Again we obtained similar ERPs rom both conditions, although some differences were observed and may relate to the amount of noise present in the biking condition and the ability for participants to accurately process the presented tones. Due to the increased motion noise introduced by stationary biking, higher RMS noise was observed and more trials were needed to measure a P3 and MMN response with 80% power, when compared to the sitting condition. However, despite the increase in noise similar ERPs were able to be measured across conditions. Our results support the possibility of using current technology to reduce the monetary and portability costs of EEG experiments, allowing for more accessible and mobile experiments to be conducted both inside and outside of the laboratory. 
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